Sun J. Metabolomic investigation into variation of endogenous metabolites in professional athletes subject to strength-endurance training. J Appl Physiol 106: 531-538, 2009. First published November 26, 2008 doi:10.1152/japplphysiol.90816.2008.-Strength-endurance type of sport can lead to modification of human beings' physiological status. The present study aimed to investigate the alteration of metabolic phenotype or biochemical compositions in professional athletes induced by long-term training by means of a novel systematic tool, metabolomics. Resting venous blood samples of junior and senior male rowers were obtained before and after 1-wk and 2-wk training. Venous blood from healthy male volunteers as control was also sampled at rest. Endogenous metabolites in serum were profiled by GC/TOF-MS and multivariate statistical technique, i.e., principal component analysis (PCA), and partial least squares projection to latent structures and discriminant analysis (PLS-DA) were used to process the data. Significant metabolomic difference was observed between the professional athletes and control subjects. Long-term strength and endurance training induced distinct separation between athletes of different exercise seniority, and training stage-related trajectory of the two groups of athletes was clearly shown along with training time. However, most of these variations were not observed by common biochemical parameters, such as hemoglobin, testosterone, and creatine kinase. The identified metabolites contributing to the classification included alanine, lactate, ␤-D-methylglucopyranoside, pyroglutamic acid, cysteine, glutamic acid, citric acid, free fatty acids, valine, glutamine, phenylalanine, tyrosine, and so on, which were involved in glucose metabolism, oxidative stress, energy metabolism, lipid metabolism, amino acid metabolism. These findings suggest that metabolomics is a promising and potential tool to profile serum of professional athletes, make a deep insight into physiological states, and clarify the disorders induced by strengthendurance physical exercise.
IN ALL KINDS OF SPORTS, the goal of athletic training is to make the body adapt to an intensive stimulus, elevate the capacity of the various systems to carry out increased work loads, and, therefore, to enhance the performance (3) . Theoretically, it should keep a balance between work loads and sufficient periods of rest in a successful training regimen. If a high training volume and intensity but limited refreshing periods occur in athletes' exercise training, an imbalance between the overall strain experienced during the training program and the athlete's tolerance of such effort will happen, even it may lead to overreaching or overtraining (24, 30) , which is characterized by declined performance, accelerated fatigability, subjective symptoms of stress, and transient inflammation (18, 30) . Therefore, it is valuable to comprehensively evaluate the physical status and the adaptation of an athlete to the training for directing the training program, preventing the disorders mentioned above and improving the performance. Although many parameters, including noninvasive behavioral and biological markers, biochemical markers, and hormonal and immunological markers, have been studied to evaluate athletes' physical status and evaluate overreaching and overtraining during a training program (13, 22) , universal method was not available for the diagnosis and monitoring.
Metabolomics is a new "omics" discipline in addition to "genomics" and "proteomics" in the postgenomic era. It can be defined as "the quantitative measurement of metabolic responses to pathophysiological stimuli or genetic modification" (21) . It involves the determination of comprehensive metabolite profiles in biological matrices (biofluids, cells, tissues; Ref. 9) . Hence it offers a novel analytical platform to monitor athletes' physiological states and diagnose the disorders induced by exercise. Great achievements have been gained in metabolomic research, especially in biomedical sciences (2, 5, 12, 15, 19, 23, 33, 34) . However, to date metabolomics has not been reported to apply to sports medicine. Since physical exercise will inevitably deplete the nutrition and energy, elevate the metabolism, and generate more metabolic products, the level of endogenous metabolites will change accordingly. By quantitative measurement of the metabolites within the body, metabolomic studies have the potential to distinguish the variation of metabolic profiling under different training programs, strength, and intensity and even to classify athletes with different performance and further to identify the biomarkers associated with performance, fatigue, and even sports-related disorders.
Rowing is a type of strength-endurance sport and competition performance heavily depends on such factors as aerobic and anaerobic power, physical power, rowing technique, and tactics (17) . The performance has close relationship with rowers' physical work capacity and training program. This high strength-endurance sport is sure to stimulate the metabolic level remarkably, so metabolomic technology is extremely suitable for monitoring the changes of rowers' physiological states and help to figure out the successful design of the training plan. This study was therefore designed to make a novel research on metabolomic variations of serum from rowers based on our well developed GC/TOF-MS technology (10, 11) . The three aims of this study are as follows. 1) Taking rowing for example, using metabolomics to characterize the metabolic profile of professional athletes loading with longterm training compared with control subjects. 2) Applying the metabolomic method to monitoring the endogenous metabolomic status of athletes during the training program. 3) Identifying metabolomic variation of athletes with different exercise seniority. To the best of our knowledge, this was the first study to reveal sports-associated variation in metabolic phenotype in professional rowers using GC/TOF-MS-based metabolomics.
MATERIALS AND METHODS
Materials and reagents. Myristic-1,2-13 C2 acid, 99 atom %13C, the stable-isotope-labeled internal standard compound (IS), methoxyamine hydrochloride (purity 98%), alkane standard solution (C8-C40), pyridine (Ն99.8% GC) and the authentic reference alanine, pyroglutamic acid, cysteine, citric acid, palmitic acid, linoleic acid, oleic acid, valine, glutamine, phenylalanine, tyrosine, and ornithine were purchased from Sigma-Aldrich. The authentic reference threonic acid and glutamic acid were provided by Shanghai Hanhong Chemical (Shanghai, China). MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamid) plus 1% TMCS (trimethylchlorosilane) were provided by Pierce Chemical (Rockford). Methanol and n-heptane were HPLC grade and obtained from Tedia (Fairfield) and Merck (Darmstadt, Germany), respectively. Purified water was produced by a Milli-Q system (Millipore).
Apparatus. The separating and detecting system is an Agilent 6980 GC equipped with an Agilent 7683 Series autosampler (Agilent, Atlanta, GA) and a 10 m ϫ 0.18 mm ID fused-silica capillary column chemically bonded with 0.18 m DB5-MS stationary phase (J&W Scientific), connected with Pegasus III TOFMS (Leco). SORVALL Biofuge Stratos centrifuge (Sollentum) was for centrifugation. SPD2010-230 SpeedVac Concentrator (Thermo Savant) was used to evaporate the extracted organic solvents to dryness. KX-21N automatic biochemistry analyzer (Sysmex, Kobe, Japan), HITACHI 7020 Clinical Analyzer (HITACHI, Tokyo, Japan), and Access 2 Immunoassay System (Beckman Coulter) were used to analyze blood hemoglobin, and serum creatine kinase (CK) and testosterone, respectively.
Subjects, training protocol, and blood sampling. Sixteen professional male rowers and twelve sex-and age-matched common healthy men (control subjects group) were recruited. Rowers were members of two men's eights (8 oars with coxswain) of water sports team Shaanxi Province, China. Eight of them had about 7 yr training experience at top national level rowing (senior rowers group) and the others had only 3 yr training experience at secondary national level rowing (junior rowers group). The characteristics of the 28 participants are presented in Table 1 . To get rid of the interference from diet as much as possible, all the control subjects had their meals in the same restaurant as the athletes 1 wk before the experiment until the end of the experiment, and the same meals (but of lesser amount) were provided on the days prior to each blood sampling (rowers' nutrient composition: protein, 130 g; carbohydrates, 700 g; fat, 90 g; 20% oligosaccharide beverages, 850 ml; energy, 4,100 kcal; control subjects' nutrient composition: protein, 90 g; carbohydrates, 490 g; fat, 63 g; 20% oligosaccharide beverages, 590 ml; energy, 2,850 kcal). During the experiment, no alcohol was allowed for either the athletes or control subjects. All the subjects were fully informed about the testing procedures and risks according to the policy statement of the Human Ethics Committee of China Pharmaceutical University.
Testing was conducted in Shaanxi Provincial Water Sports Administrative Centre. The training program lasted 2 wk, which was a recuperative and regulative training stage before a national match. Elevation of speed and endurance capacity was the purpose of the training in this period of time. The training protocol involved 2 wk of technical and aerobic exercise. The training schedule included 11 sessions each week for 30 total hours.
After the prior training program, rowers were refreshed for 3 days and the first sampling was carried out at 7:00 AM before training; the blood of the control subjects was obtained at the same time. The last two samplings for rowers were carried out right after 1-wk and 2-wk training, respectively. Rowers and control subjects were fasted overnight and 5 ml of fresh resting venous blood samples was collected, a small amount of which was used to analyze hemoglobin concentration and the rest was placed at room temperature to obtain serum. The supernatant serum was transferred, divided into aliquots, and stored at Ϫ80°C before use. One aliquot was used for biochemical analysis and another was subject to metabolomic analysis. All serum samples were thawed by incubation at 37°C for 20 min and vortex mixed before use. Blood hemoglobin concentration, serum testosterone, and creatine kinase (CK) activities were measured on the automatic biochemistry analyzers mentioned above.
Sample preparation for GC/MS analysis. For each serum sample (100 l), 400 l of methanol containing internal standard myristic-1,2-13 C2 acid (12.5 g/ml) was added, then the solution was vigorously extracted for 5 min and was centrifuged at 20,000 g for 10 min at 4°C. Supernatant (100 l) was transferred to a GC vial and then evaporated to dryness under vacuum. Methoxyamine (30 l) in pyridine (15 mg/ml) was added to the dried residue and vigorously vortex mixed for 2 min. Methoximation reaction was proceeded for 16 h at room temperature, followed by trimethylsilylation for 1 h by adding 30 l of MSTFA with 1% TMCS as catalyst. At last, the solution was vortex mixed again for 30 s after the external standard methyl myristate in heptane (30 g/ml) was added to each GC vial for GC/MS analysis.
GC/MS analysis and quantification of endogenous serum metabolites.
A derivatized sample (1 l) was injected splitlessly into an Agilent 6980 GC by an Agilent 7683 Series autosampler. Helium served as carrier gas through the column. Then the column effluent was introduced into the ion source of a Pegasus III TOFMS. The optimized GC/MS operating conditions were selected as follows: the injector temperature: 250°C; the constant flow rate of carrier gas: 1 ml/min; purge time and flow rate: 60 s at 20 ml/min for 1 min; gradient temperature programming: 70°C (2.0 min), 70 -310°C linear (35°C /min), 310°C (2.0 min); the transfer line temperature: 250°C; ion source temperature: 200°C; ion source voltage and current: 70 eV at a current of 3.0 mA. The MS data were acquired in scan mode over the range m/z 50 -800 at a rate of 20 spectra/s. Following a solvent delay of 170 s, the acceleration voltage was turned on at Ϫ1,650 v. Automatic peak detection and calculation of peak areas of IS and specific compounds were processed by ChromaTOF 2.00 software (Leco). Peak width in automatic peak detection and mass spectrum deconvolution were set to 2 s. Peaks with signal-to-noise (S/N) ratios Data are given as means Ϯ SD of 8, 8, and 12 subjects in junior (J), senior (S), and control (C) groups, respectively. lower than 30 were rejected. To obtain accurate peak areas for the IS and specific peaks/compounds, one quant mass was specified for each peak and the data were reprocessed by the method published before (10) . Alkane series C8-C40 was analyzed with the same GC program, and retention index of each peak was calculated by comparison of its retention time against those of alkane series. Identification of compounds was made by comparison of mass spectra and retention index of all detected compounds with the authentic reference standards and also those in the NIST library 2.0 (2005), Wiley library, and in-house mass spectra library database established by Key Lab of Drug Metabolism and Pharmacokinetics, China Pharmaceutical University.
The serum endogenous concentrations of 13 metabolites (alanine, pyroglutamic acid, cysteine, glutamic acid, citric acid, palmitic acid, linoleic acid, oleic acid, valine, glutamine, threonic acid, phenylalanine, tyrosine) were determined by the standard addition method published before (10) . In brief, an appropriate amount of authentic reference standards was added to samples, the original serum sample and the samples added with references standard were extracted, derivatized, and analyzed. The ratio of each analyte and IS was calculated to determine the concentration with known amount of added reference standard. The procedure was repeated to achieve double GC/TOFMS responses of "added" sample. Finally the concentration was calculated, respectively. Lactate was analyzed with portable equipment (1500 YSI sport lactate analyzer) provided by Jiangsu Provincial Sports Science Research Institute, Nanjing, China. Uric acid was determined with an accredited method by a kit (Olympus diagnostic product, batch 6097) clinically available in the People's Hospital of Jiangsu Province, Nanjing, China.
Multivariate data analysis. Before multivariate data analysis, all of the peak areas were normalized by IS. Multivariate statistical analysis (MVSA) was carried out using SIMCA-P 11 software (Umetrics, Umeå, Sweden) as published (28) . The data matrix was constructed with the sample names/IDs as observations and the peaks/retention times as the response variables. It can be represented in a K-dimensional space where K stands for the number of variables, and then projected and reduced to a few principal components that described the maximum variation of different groups or samples. Here, principal component analysis (PCA) and partial least squares projection to latent structures and discriminant analysis (PLS-DA) were employed to process the acquired GC/TOF-MS data. PCA involved a mathematical procedure that transformed a number of possibly correlated variables into a smaller number of uncorrelated variables called principal components (PCs). Each PC was a linear combination of the original data parameters whereby each successive PC explained the maximum amount of variance possible, but was not accounted for by the previous PCs. Each PC was orthogonal and therefore independent of any other PCs (16) . Thus the comparative analysis of the GC/ TOF-MS data was facilitated by reducing the dimensionality of the data set while retaining as much information as possible. The result of PCA was displayed as score plots to represent the scatter of samples, which clustered closely to indicate similar metabolomic composition and stood far away to indicate compositionally different metabolome. Further metabolite differences can be shown in PCA loading plots. The purpose of PLS-DA was used to calculate models differentiating groups or classes, herein, separating two groups of rowers, and between rowers and control subjects. Samples from the same groups were classified into one for PLS-DA modeling. In PLS-DA modeling, samples of the different groups were classified into different classes in score plots, and endogenous metabolites contributing to the classification were identified in loading plots, which showed the importance of each variable to the classification. Cross-validation with seven Fig. 1 . A: partial least squares projection to latent structures and discriminant analysis (PLS-DA) score plots (PC1/PC2) of rowers and control subjects. X-axis and Y-axis were labeled with PC1 (the first principal component) and PC2 (the second principal component), respectively. Significant metabolomic difference was shown between professional rowers and control subjects. One data point stands for one subject: Ⅲ, rowers; •, control subjects. B: PLS-DA loading plots displayed variables positively correlated with score plots. X-axis and Y-axis were labeled with PC1 and PC2, respectively; statistically and significantly different metabolites were identified between the rowers and the control. They were responsible for the discrimination of the two groups; one data point stands for one endogenous metabolite; ᮀ, endogenous metabolites of statistically significant and the largest variation between the two groups; Ala, alanine; Lac, lactate; Me-G, ␤-D-methylglucopyranoside; Pyr, pyroglutamic acid; Cys, cysteine; Glu, glutamic acid; Cit, citric acid; Pal, palmitic acid; Lin, linoleic acid; Ole, oleic acid; Val, valine; Gln, glutamine. cross-validation groups was used throughout to determine the number of PCs (32) . The following statistics for the regression models are discussed throughout this paper. R 2 X is the percent of all GC/ TOF-MS response variables explained by a model, R 2 Y is the percent of all observation/sample variables explained by a model, and Q 2 Y is the percent of all observation/sample variables predicted by a model, according to cross-validation. The range of these parameters is 0 -1, and the more they approach 1, the better they can explain or predict.
Statistical analysis was made using MANOVA by direct comparisons of biochemical parameters or metabolite concentrations, i.e., between rowers and control subjects and between junior and senior rowers, and Bonferroni was used for the multiple comparison of junior or senior rowers among different training sessions. The mean difference is significant at 0.05 or 0.01 level.
RESULTS

Blood hemoglobin and serum biochemical analysis.
Blood hemoglobin, serum testosterone, and CK were analyzed and the results were presented in Table 2 . No significant differences were observed for any parameter among control, junior and senior groups before training (Pre), and between junior and senior groups at the end of 1-wk and 2-wk training. Compared with the prevalue, level of hemoglobin slightly and significantly increased in junior and senior groups after 1-wk training, respectively, and significantly increased in both rower groups after 2-wk training. In addition, levels of testosterone and CK had a small change over the training program, but no statistical difference was observed due to the large individual variance.
Metabolomic difference between rowers and control subjects. After GC/TOF-MS analysis, the total ion current chromatograms of serum were obtained (not shown), which in fact characterized metabolic fingerprint/profile of the subjects. Identification of the deconvoluted peaks revealed that many endogenous metabolites, such as amino acids, organic acids, amines, saccharide, fatty acids, etc., can be detected in GC/ TOF-MS.
All of the data from rowers before training and control subjects were immerged, respectively, and then processed using PLS-DA. Then a PLS-DA model of two principal components was calculated between the rowers and the control subjects, which explained 98.0% and predicted 98.1% of the sample types and explained 47.5% of GC/TOF-MS response variables according to the R 2 Y, Q 2 Y, and R 2 X parameters. In the scores plot (Fig. 1A) , X -axis and Y-axis were labeled with PC1 and PC2, respectively, one dot stood for one subject and the closer the dots, the more similarity of the samples' metabolites composition; vise versa, the more distance between dots, the greater difference. The scores plot showed clearly the similarity of the samples within one group and significant difference of the two kinds of subjects.
To further investigate the intrinsic variation between the two groups, the loadings plot (Fig. 1B) was made to display the specific compounds that differentiated rowers and control subjects. One box stood for one metabolite and all of the squares explained the largest variation between the two groups. Direct comparison of the data by MANOVA suggested the same results, as shown in Table 3 . Compared with control subjects, professional rowers exhibited significant elevation of alanine, lactate, cysteine, glutamic acid, valine, glutamine, and some unidentified compounds, and notably declined level of ␤-Dmethylglucopyranoside, citric acid, palmitic acid, linoleic acid, and oleic acid.
Metabolic profile of rowers induced by 2-wk training program.
A five principal components PLS-DA model was calculated for junior rowers with each time point as one group, i.e., before and 1 and 2 wk after training. In the same way, a three principal components PLS-DA model was calculated for senior rowers. Three-dimensional figures were generated to characterize their metabolome. Figure 2 , A and B, showed metabolomic movement of both junior and senior rowers during the training program, respectively. In these score plots, X-axis, Y-axis, and Z-axis were labeled with PC1, PC2, and PC3, respectively, and one dot point stood for one subject. Either junior rowers or senior rowers could be separated clearly from pretraining to after 1-and 2-wk training. In addition, a training program-related modification of metabolites at different time points was observed ( Table 4 ). All these results indicated the significant impact of strength-endurance training on the rowers' metabolome. In junior rowers, alanine and tyrosine significantly decreased in the 1st wk, and then alanine remarkably increased in the 2nd wk but it was still lower than the prevalue, while tyrosine remained unchanged until the end of the 2nd wk. It was observed that levels of pyroglutamic acid, threonic acid, glutamic acid, phenylalanine, and ornithine remained stable in the 1st wk, then threonic acid sharply increased, while others significantly declined in the 2nd wk. Unsaturated free fatty acids showed the same trend from 0 to 2 wk during the training. After 1-wk training, levels of palmitic acid, linoleic acid, and oleic acid increased significantly. It was interesting to find their levels declined with 1 wk more training and returned to levels before the training. Although levels of ␤-D-methylglucopyranoside, uric acid, valine, and glutamine changed a bit after training, no statistical difference was observed. The same trends were found in levels of palmitic acid, linoleic acid, and oleic acid for senior and junior rowers with the progress of the training. In senior rowers, modification of pyroglutamic acid, threonic acid, glutamic acid, and phenylalanine was similar with those in junior rowers over the training program, although the degree of changes was more or less great. Additionally, some diversities were found in senior rowers. The significant decline in alanine in the 1st wk was followed by a stable level in the 2nd wk. ␤-D-Methylglucopyranoside, uric acid, valine, and glutamine remained unchanged after 1-wk training, then ␤-D-methylglucopyranoside significantly elevated, while the other three metabolites sharply decreased in the 2nd wk. Tyrosine remained stable along with the training program.
Relationship between biochemical parameters and endogenous metabolites. The relationship between changes of biochemical parameters and endogenous metabolites were assessed by Pearson correlation coefficient. As shown in Table 5 , only did changes of testosterone positively correlate with those of several metabolites including valine, glutamine, glycine, phenylalanine, ornithine, and an unidentified compound. No significant correlation was observed between serum testosterone with glycine, phenylalanine, and ornithine in senior rowers, while there was no correlation between serum testosterone with the unidentified compound in junior rowers.
Difference between junior and senior rowers. To check the difference between junior and senior rowers, three submodels were calculated between junior and senior rowers at three time points, respectively. According to cross-validation, although the model before training can explain 66.0% and 10.8% of the sample types and GC/TOF-MS response variables, respectively, it is negative (Ϫ10.0%) to predict the sample types according to the R 2 Y, R 2 X, and Q 2 Y parameters, indicating the model failed to differentiate the junior and senior rowers, i.e., there is no metabolomic differences between junior and senior rowers at this stage. However, after 1-wk training, a good model was calculated. It explained 92.6%, predicted 70.2% of the sample types, and explained 39.8% of GC/TOF-MS response variables, and the model after 2-wk training explained 93.4%, predicted 68.8% of the sample types, and explained 42.0% of GC/TOF-MS response variables, according to the R 2 Y, Q 2 Y, and R 2 X parameters, respectively, indicating significant differences between them after training (figures were not shown). Further analysis of the data showed that uric acid and threonic acid were lower in junior rowers than in senior rowers before training and after 1-wk training, respectively. After the 2-wk training program, higher glutamic acid and valine and lower ␤-D-methylglucopyranoside were determined in junior rowers than those in senior rowers.
DISCUSSION
By means of high throughput and powerful metabolomics, the variation between professional rowers and control subjects, junior and senior rowers, and rowers at various training stages was well differentiated, and dynamic movement of the metabolic profile of rowers was shown over the 2-wk training program. In contrast, conventionally biochemical parameters did not sensitively reflect the physiological difference between rowers and control subjects, and the physiological changes of rowers themselves before and after training. Compared with control subjects, no biochemical parameters had a significant difference in long-term trained rowers. Although senior rowers had slightly higher testosterone level than junior rowers, no significant variance was observed in all the detected biochemical parameters between junior and senior rowers over the whole training program. In addition, slight decline of testosterone level in rowers after 1-wk training (no statistical difference due to the large individual variance) indicated the magnitude of physiological stress of training (7), and a subsequent tendency to return in the 2nd wk (no statistical difference due to the large individual variance) suggested the decreased training intensity or increased adaptation of rowers to exercise load. The elevation of hemoglobin in all rowers after training indicated a well-balanced training program for them.
During exercise, the metabolism of glucose in skeletal muscle and myocardium are often very active. Higher serum lactate level in rowers than that in control subjects suggested that the process of glycolysis was altered by exercise, which is in accordance with many reports (4, 26) . Alanine plays an important role in alanine-glucose cycle. Upregulated alanine in rowers, compared with control subjects, and changed alanine in rowers as the progress of the training, indicated that the alanine-glucose cycle may be modified.
Glutathione homeostasis plays an important role in the prooxidant-antioxidant balance during prolonged physical exercise (14) . It is synthesized in the reaction of the ␥-glutamyl cycle (1), in which ␥-glutamylcysteine synthetase (GCS) and glutathione synthetase are two important enzymes. Cysteine, glutamic acid, and pyroglutamic acid are the intermediates of ␥-glutamyl cycle. So in this study, the increased levels of cysteine and glutamic acid in rowers compared with control subjects, and the decreased glutamic acid and pyroglutamic acid after the training session in rowers suggested intensive exercise influences the ␥-glutamyl cycle. Our findings were also supported by another study showing that intensive exercise can induce an increase in the GCS and glutathione synthetase activities in skeletal muscles (20) . Additionally, the different levels of threonic acid and uric acid between junior and senior rowers indicated their diverse responses to oxidative stress (8, 25, 27) .
It is generally accepted that energy expenditure will be elevated with increasing exercise loading, and lipolysis and tricarboxylic acid cycle (TCA) will be activated accordingly. Consequently, serum free fatty acids (FFA) rapidly increase during exercise and subsequent recovery (6, 29) . So elevation of serum free fatty acids (FFA) during exercise in rowers after 1-wk training indicated the enhanced lipolysis. Furthermore, the fluctuation of amino acid, such as glutamine, phenylalanine, tyrosine, etc., reflected the altered metabolism of them. The elevated level of glutamine in rowers compared with control subjects might be a consequence of feedback or selfregulation of rowers since immune function usually decreased after intensive physical loading and glutamine was essential for proper immune function (31) .
Unfortunately in this study no intensive exercise was loaded for control subjects, otherwise, more valuable information will be obtained by comparing the professional athletes and control subjects to clarify their diverse metabolic response to intensive exercise.
In conclusion, compositional differences between rowers and control subjects, senior and junior rowers, before and after intensive training were characterized by metabolomics. Strengthendurance type of sport was involved in the perturbation of glucose metabolism, lipid metabolism, oxidative stress, and amino acid metabolism. Our findings also indicates that GC/ TOF-MS-based metabolomics is promising in monitoring athletes' physiological status induced by intensive exercise.
